Brush-border enzymes in the small intestine are nutritionally important for the hydrolysis of carbohydrates and peptides into monosaccharides and small peptides or amino acids. Development of intestinal hydrolase activities in the fetus is therefore an essential maturational event that ensures that the gut can handle the oral uptake of nutrients after birth.
Although the developmental regulation of brush-border enzymes has been much investigated in rodents, little is known about these processes in species such as the pig, in which the rate of gut development resembles that in the human infant (1-3). In the suckling rat, exogenous administration of glucocorticoids stimulates development of the sucrase and maltase activity of sucrase-isomaltase (EC 3.2.1.48-10) at 2-4 wk of age when the plasma glucocorticoid level normally reaches a peak (4) (5) (6) (7) (8) . Whether the hormones have a role in the postnatal 10-15 d before term, correlated positively with 10glO plasma cortisol values, and were higher in cortisol-infused than in saline-infused fetuses (p < 0.05). Activity of sucrase-isomaltase (EC 3.2.1.48-10) was low in fetal pigs, and this enzyme and dipeptidyl peptidase IV (EC 3.4.14.5) were not significantly affected by fetal age or exogenous cortisol. Maltase (EC 3.2.1.48-10 and EC 3.2.1.20) activity was significantly decreased in the middle and distal intestine of cortisol-infused fetuses. The results suggest that the prepartum rise in endogenous cortisol secretion stimulates the prenatal expression of certain brush-border enzymes in the pig small intestine at this critical time. However, the effects of cortisol on the developing intestine were highly idiosyncratic for particular enzymes and intestinal regions. (Pediatr Res 37: 207-212, 1995) decline of lactase activity is less clear, because both increases and decreases in lactase activity have been found in response to exogenous glucocorticoids (6, 9) . In the pig, adrenocortical secretion reaches a peak at birth (10) and pharmacologic doses of glucocorticoids have little effect on disaccharidase activities in the suckling pig (11) (12) (13) (14) . Hence, it is possible that, in the pig, glucocorticoids have their primary regulatory role in the ontogeny of gut enzymes in the prenatal and immediate postnatal period.
In the present study, we tested the hypothesis that cortisol stimulates the ontogenetic development of brush-border disaccharidases and peptidases in the fetal pig. Two questions were asked: 1) Are the normal prenatal developmental profiles of plasma cortisol and enzyme activities consistent with a regulatory role of glucocorticoids? 2) Does exogenous glucocorticoid infusion into fetuses induce early development of enzyme activity?
METHODS

Animals.
Sixteen pregnant Large White cross Welsh sows of known gestational age (term 114 ± 2 d) were used for the experiments. They were maintained on commercial sow feed (Sowcare Gold 16, BOCM Silcock, Cambridge, UK). FOQd but not water was withheld on the night before surgery. Infused fetuses (n = 25) were removed either at 88-90 d or 97-102 d gestation, whereas fetuses that did not undergo an operation (control fetuses) (n = 48) were removed at intervals throughout late gestation (82-109 d gestation) as shown in Table 1 . The control fetuses were obtained from the sows used for the infusion experiments (n = 10) as well as from other pregnant sows (n = 6). Nine newborn unsuckled pigs were obtained immediately after normal birth (114-115 d gestation) from six sows that did not undergo an operation.
Surgical procedures. Details of the surgical procedures for fetal and maternal intravascular catheterization and the insertion of 7-d osmotic minipumps (model 2001, Alzet, Palo Alto, CA) into fetuses have been given previously (15, 16) . Each pump had been filled before insertion with a 200-1l,L sterile solution of either 0.9% saline or cortisol (E.F. Cortilan, Glaxo, Greenford, UK). The dose of cortisol was 10 mg for fetuses at 82-84 d gestation and 20 or 40 mg at 91-96 d gestation (Table  1) corresponding to dose rates of 3-6 mg cortisol -kg v-d" ' over the 6-d period. The aim was to increase plasma cortisol concentration by 20-30 ng/ml., and the dose rates were based on results from a previous study (17) . At 91-96 d gestation, 10 fetuses with minipumps also had carotid arterial catheters inserted (Table 1) to enable blood samples to be taken during the treatment period for measurement of blood gases and plasma cortisol. The remaining four fetuses with cortisolcontaining minipumps were not catheterized. After fetal surgery, the fetuses received 50 mg of ampicillin (Penbitrin, Beecham Labs, Tadworth , UK) into the amniotic cavity. The sows were maintained on antibiotics for 3-4 d from the time of surgery (20 mL of Depocillin intramuscularly; Mucofarm, Cambridge, UK).
Six d after insertion of the minipumps, infused and control fetuses were delivered by cesarean section under general anesthesia (40 mg of sodium pentobarbitone per kg). All catheterized piglets were sampled through their catheter just before delivery; fetuses that did not undergo an operation or fetuses with minipumps but without catheters were sampled by direct puncture of the umbilical artery before removal. Of 27 fetuses implanted with minipumps, 25 were alive at the time of delivery. The normal newborn piglets (114 -115 d gestation) were sampled from the cord within 10 min of delivery.
Blood and plasma analysis. Blood gases, pH, Hb concentration, and oxygen saturation were measured (Acid Base Laboratory and Haemoxymeter, Radiometer, Copenhagen, Denmark) daily in the catheterized piglets and at delivery in all piglets. The values obtained were within the range reported previously for chronically catheterized fetuses (17) . At delivery, arterial blood samples were placed in cooled EDTAcontaining tubes and centrifug ed, and the plasma was stored at -20°C until analysis. Plasma cortisol concentrations were measured using an RIA described and validated for fetal pig plasma (18) .
Tissue collection and preparation. After delivery, the fetuses (anesthetized during surgery) and newborn pigs (anesthetized with halothane, 3-5% in oxygen) were weighed , had their abdomen opened, and were killed by being bled from the heart. The adrenal glands were removed and their combined weight was determined. The intestine was dissected free of its mesentery, placed on ice, and divided into three parts of equal length. The middle 10 em of each piece was cut open lengthwise, blotted dry on filter paper, and stored at -80°C until enzyme analysis. The proximal segment (17% down the intestine) was distal to the ligament of Treitz and can be defined as proximal jejunum. The distal segment (83% down the intestine) represented the distal jejunum or proximal ileum in the pig.
The fetal pig intestine was fragile, especially for the earliest age groups, and whole tissue was used for analysis rather than mucosal scrapings. Frozen intestinal tissue was cut into fine pieces, extracted in 1% Triton X-lOa (6 mlzg tissue), homogenized (20 000 rpm, 2 min , O°C ; Ultra Turax , IKALabortechnik , Stauten, Germany), and centrifuged (20000 X g, 4°C, 60 min), and the supernatant was used for enzyme analysis. Before centrifugation, a 20-1l,L aliquot was taken for measuremen t of protein (19) . The nonionic detergent Triton X-lOa was used for extraction to solubilize the microvillu s enzymes, which allowed the extracts to be used for gel electrophoresis, after measurements of enzyme activity (20) .
Enzyme analyses. Disaccharidase activities were measured using disaccharide substrates (28 mM) and sodium maleate, pH 6.0 (50 mM), as buffer in the reaction mixture (37°C, 30 min). The liberated glucose was determined spectrophotometrically at 492 nM (EAR 400 AT, SLT Lab Instruments, Grodig, Austria) using a glucose-oxidase kit (510-A, Sigma Chemical Co., St. Louis, MO). One activity unit (U) was equal to 1 /Lmol (20) . Due to this overlap in enzyme specificities, maltase-glucoam ylase content was determined by rocket immunoelectrophoresis using an antiserum against porcine maltase-glucoamylase (20) . Enzyme levels were expressed relative to the maltase-glucoam ylase concentration in a pool of newborn pig proximal intestines [= 1.0 maltase-glucoamylase unit (MGU) per g of intestine] . The sucrase activit y (specific for sucrase-isomaltase) was determined in undiluted extracts using sucrose (BDH, Poole, UK) as substrate. Peptid ase activities were measured spectrophotometrically at 410 nm (Cobas Fara, Roche, Switzerland) using specific nitroanilide substrates (21) . Aminopeptidase N (EC 3.4.11.2) activity in extracts (dilution 1:500) was measure d with 10 mM L-alanine-4-nitroanilide (Merck) as substrate and 50 mM Tris -HCI, pH 7.3, as buffer. Dipeptidyl peptidase IV (EC 3.4.14. Statistical analyses. Mean values ::' ::: SEM are given throughout. Significant differences (p < 0.05) between two or more means were tested using analysis of variance and multiple t test (22) . A linear regression analysis was used to test the linear relationship between enzyme activities and fetal age or 10glO plasma cortisol values in control fetuses that did not undergo an operation. Within the infused fetuses (saline or cortiso l), there was no significant effect of fetal age on plasma cortisol or enzyme activities at delivery (p > 0.05, analysis of variance). Infused fetuses from each of the two infusion age groups (88 -90 d and 97-102 d gestation) were therefore pooled in the presentation of results (Table 2 and Figs. 1-3 ). Significant differences (p < 0.05) between cortisol-infused and saline-infused fetuses were tested by t test for unpaired observations.
RESUL TS
Fetal weights and total intestinal protein.
Surgery and the insertion of catheters and osmotic minipumps had no effect on fetal body weight at the time of fetus removal ( Table 2) . Adrenal weight relative to body weight was significantly higher at term than at 82-84 d gestation (p < 0.05). The values in cortisol -and saline-infused fetuses were not significantly different (p > 0.05).
The mean intestinal protein content (Table 2 ) was higher at term than at 82-84 d gestation in all three regions of the small intestin e (proximal, middle , and distal), but the difference was significant only in the proxima l region . Similarl y, the cortisolinfused fetuses showed higher mean values than the salineinfused fetuses, but the difference was significant only in the distal intestine. Because protein concentration of the tissues was affected to a variable degree by both age and treatment, the enzyme activities were expressed relative to intestinal wet weight.
Plasma cortisol. Endoge nous fetal plasma cortisol rose gradually in late gestation and peaked at birth (Fig. 1) . At the time of delivery, the cortiso l group had a significantly higher concentration of cortisol in plasma than the saline group but also a lower concentration than in newborn control pigs. In the saline group , two fetuses looked emaci ated at delivery and had no clear differences in their longitud inal distribution , and sucrase activity in particular was low and quite variable. Maltaseglucoamylase protein in the distal intestine was significantly higher than in the proximal intestine.
Among the infused fetuses (Fig. 2, right panels) , the cortisol group showed higher mean values for lactase (proximal, middle, and distal regions) and maltase-glucoamylase (proximal region) compared with the saline group . Maltase activity in the proximal region of cortisol-infused fetuses was significantly higher than in 97-to 102-d-old control fetuses (p < 0.05) but not higher than in the saline-infused fetuses. In the middle and distal regions, maltase activity was significantly lower in cortisol-infused fetuses than in saline-infused fetuses. No treatment differences were found for sucrase .
Peptidases. Peptidase activities are shown in Figure 3 . In the control fetuses that did not undergo an operation (Fig. 3, left  panels) , increases with fetal age occurred for aminopeptidase N (proximal, middle, and distal regions) and aminopept idase A (proximal and middle regions). Significant positive correlations with both fetal age and 10gIO plasma cortisol values were found for these enzymes in the above mentioned regions (r = 0.51-0.89, p < 0.05). Across fetal ages, dipeptidyl peptidase IV and aminopeptidase A activities were significantly higher in the distal region than in the proximal region, whereas aminopeptidase N was more equally distributed along the entire intestine.
Among the infused fetuses (Fig. 3, right panels) , the cortisol group showed higher mean values for aminopeptidase N in the excessively elevated plasma cortisol during the infusion period (30-80 ng/ml.) compared with the remaining seven salineinfused fetuses (15 :± 3 ng/ml.) . These two saline-infused fetuses with high endogenous cortisol levels have therefore not been included in the mean :±SEM values shown in Table 2 and Figures 1-3 . Disaccharidases. Intestinal disaccharidase activities (lactase, maltase, and sucrase) and the relative enzyme concentration of maltase -glucoamylase are shown in Figure 2 . In control fetuses that did not undergo an operation (Fig. 2, left panels) , increases with fetal age occurred for lactase (proximal, middle, and distal regions), maltase (proximal region), and maltaseglucoamylase (proximal and middle regions). Significant positive correlations with both fetal age and 10gIO plasma cortisol values were found for these enzymes in the above mentioned middle region and for aminopeptidase A in the proximal and middle regions. Although proximal aminopeptidase N activity in cortisol-infused fetuses was not significantly different from that in saline-infused fetuses, it was significantly higher than in 97-to 10Z-d-old control fetuses.
DISCUSSION
Circulating levels of glucocorticoid are elevated in the prepartum period of many species (23) and have important maturational effects on a wide range of tissues (24, 25) . However, there is little experimental evidence for a role of glucocorticoids in the prenatal development of intestinal enzymes. In mammals, the activity of lactase increases rapidly in the late fetal period and peaks at or soon after birth, and the similarities between altricial species (e.g. rat, rabbit) and precocious species (pig, guinea pig, and human) have previously led to the suggestion that the timing of certain enzymatic changes is in some way related to the process of birth (4, 26) . The present results indicate that the prepartum rise in circulating cortisol stimulates increases in lactase-phlorizin hydrolase, maltase-glucoamylase, aminopeptidase N, and aminopeptidase A activity in the fetal pig intestine. This conclusion is supported by the effects of exogenous cortisol on enzyme activity in fetuses that underwent an operation and by the positive correlations of enzyme activity in controls that did not undergo an operation to plasma cortisol values. In this regard, the results extend our earlier findings that cortisol stimulates the prenatal rise in acid, gastrin, and protease secretion in the fetal pig stomach (16, 27) , pancreatic amylase and trypsin contents (28) , and liver glycogen deposition (17) .
The stimulating effects of cortisol were not present, however, for all enzymes and intestinal regions investigated, and cortisol seems to have a regulatory role that is highly idiosyncratic for particular enzymes and intestinal regions. The stimulating effects were most pronounced in the proximal and middle part of the intestine. Such regional variation in the response to exogenous glucocorticoids is consistent with the fact that newborn pigs (peak plasma glucocorticoid levels) have 3-to 6-fold greater proximal:distal ratios in lactase (6:1), maltase-glucoamylase (1:2), aminopeptidase N (1:1), and aminopeptidase A (1:1) activity than fetal pigs 4-5 wk before term. These proximal:distal ratios in newborn pigs are also greater than in postnatal pigs (11, 29) or humans adults (30) . The proximal:distal ratios for sucrase and dipeptidyl peptidase IV (enzymes that were not significantly affected by fetal age and cortisol) were similar at birth and at other stages of development.
The increase in proximal maltase-glucoamylase content in the cortisol group was reversed to a decrease in the distal intestine. This decrease in maltase-glucoamylase may, together with the slight, nonsignificant decreases in the sucrase activity, explain that exogenous cortisol treatment was associated with significant decreases in maltase activity in the middle and distal regions. It is possible that the age-and treatment-relat ed increases in lactase and aminopeptidase activities to some extent occurred at the expense of sucrase and maltase activities and that enzymes compete for a limited biosynthetic capacity in differentiating enterocytes. In contrast to activities in human fetuses (3), maltase and sucrase activities in the intestine of the fetal pig were low, and these activities do not undergo major developmental increases until the postnatal period (11, 14, 29) . The lack of any stimulating effect on sucrase activity in fetal pigs is consistent with studies on neonatal pigs (11) but contrasts with the findings in rodents, where sucrase activity is readily inducible from the fetal stage (31). Our results underline the importance of direct maltase-glucoamylase measurements by immunologic techniques, inasmuch as maltase activity only represents the combined activity of two enzymes, maltase-glucoamylase and sucrase-isomaltase.
The value of extrapolation of results from one species to another or from one time point to another is always questionable. However, there is indirect evidence that cortisol plays a regulatory role in the developing human intestine. There is a marked gestational rise in fetal cortisol production (32) that correlates well with the increase in disaccaridase activities in the human fetus (3). In addition, exogenous glucocorticoid administration to pregnant mothers before preterm labor decreases the incidence of necrotizing enterocolitis in neonatal premature infants (33, 34) .
The fact that plasma cortisol was significantly elevated during the infusion period in at least two of the saline-infused fetuses may be a consequence of the variable placental damage incurred to gain access to each fetus in this species (diffuse placenta). In these fetuses, levels of lactase and aminopeptidases in the proximal and middle intestine were 20-100% higher than in the remaining saline-infused fetuses. This is consistent with a role of cortisol per se in the prenatal pig intestine. Such stress effects of intrauterine surgery may explain why mean enzyme activities in saline-infused fetuses often were between the values observed for cortisol-infused and control piglets of similar age that did not undergo an operation.
Studies in the rat have led to the hypothesis that the developing intestinal cells are most responsive to glucocorticoids shortly before and during a normal developmental increase in enzyme activity (6) . This hypothesis is consistent with the fact that elevated plasma glucocortico ids in suckling pigs do not stimulate proximal sucrase and maltase activity until 2-5 wk of age when these enzyme activities normally increase rapidly (11, 13, 14) . At this stage, there is no glucocorticoid effect on lactase and aminopeptidase activities, which normally decrease postnatally (13, 14) . The latter enzymes may therefore lose their responsiveness to glucocorticoid stimulation shortly before or at birth.
The mechanism by which glucocorticoids stimulate brushborder hydrolase activities is not known. In rodents, it is possible that the glucocorticoid-induced changes in enzyme activity mainly result from increases in enterocyte turnover and replacement of the villus cell population (6, 8, 35 ). An increased enterocyte turnover has also been reported in the fetal sheep after cortisol administration (36) . However, increased cell proliferation rate in young animals does not always lead to a simultaneous increase in sucrase activity and loss of lactase activity (37, 38) , and hence other factors must be involved. In the newborn pig, changes in the fundamental biochemistry of existing enterocytes rather than cell replacement are likely to account for the age-and glucocort icoid-related enzymatic changes (11, 39) . There is now substantial evidence that ageand glucocor ticoid-related increases in the biosynthesis of enzyme protein are regulated at the transcriptional level, although changes in posttranslatio nal modifications may also occur during development (7, 8, (40) (41) (42) (43) . The observa tions in the present study and other studies showi ng that glucocort icoids affect only some enzymes and only in certain parts of the intestine certainly indicate a more sophisticated regulatory mechanism than that of a genera l increase in the mucosal cell proliferation rate or enterocyte biosynt hetic capacity.
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